STING has emerged in recent years as a key player in orchestrating innate immune responses to cytosolic DNA and RNA derived from pathogens. However, the regulation of STING still remains poorly defined. In the present study, we investigated the mechanism of the regulation of STING expression in relation to the RIG-I pathway. Our data show that signaling through RIG-I induces STING expression at both the transcriptional and protein levels in various cell types. STING induction by the RIG-I agonist 5=triphosphorylated RNA (5=pppRNA) was recognized to be a delayed event resulting from an autocrine/paracrine mechanism. Indeed, cotreatment with tumor necrosis factor alpha and type I/II interferon was found to have a synergistic effect on the regulation of STING expression and could be potently decreased by impairing NF-B and/or STAT1/2 signaling. STING induction significantly contributed to sustainment of the immune signaling cascade following 5=pppRNA treatment. Physiologically, this cross talk between the RNA-and DNA-sensing pathways allowed 5=pppRNA to efficiently block infection by herpes simplex virus 1 (HSV-1) both in vitro and in vivo in a STING-dependent fashion. These observations demonstrate that STING induction by RIG-I signaling through the NF-B and STAT1/2 cascades is essential for RIG-I agonist-mediated HSV-1 restriction.
I
nnate immunity is crucial for the host to defeat disease-causing pathogens. This is characterized by the rapid and efficient detection of pathogen-associated molecular patterns (PAMPs) via pattern recognition receptors (PRRs) (1, 2) . Retinoic acid-induced gene I (RIG-I), a cytoplasmic PRR, is essential for recognizing viral RNA that contains either a 5= triphosphate (ppp) or 5= diphosphate (pp) signature (3) (4) (5) . Upon RNA stimulation, RIG-I recruits the adaptor protein mitochondrial antiviral-signaling protein (MAVS; also known as IPS-1, Cardif, or VISA) to activate the TANK binding kinase 1 (TBK1)-I kappa B kinase ε (IKKε) complex and the I kappa B kinase ␣ (IKK␣)-I kappa B kinase ␤ (IKK␤) complex, which are responsible for the activation of the transcription factor interferon (IFN) regulatory factor 3 (IRF3), the transcription factor IFN regulatory factor 7 (IRF7), and nuclear factor-kappa B (NF-B) (6, 7) . These transcription factors then translocate to the nucleus and coordinate the induction of type I IFN and proinflammatory cytokines (8, 9) . Released alpha/beta IFN (IFN-␣/␤) bind to their cognate receptors and lead to the transcriptional activation of interferon-stimulated genes (ISG) by the Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling pathway (10, 11) . The products of ISG are key effectors in limiting pathogen replication (12, 13) .
A number of studies have established the role of stimulator of IFN genes (STING; also called MITA, TMEM173, MPYS, and ERIS) and have shown that it is a key element in the innate immune response elicited by pathogenic nucleic acids, including cytosolic DNA and cyclic dinucleotides (CDNs) (14) (15) (16) (17) (18) (19) . STING not only interacts with cytosolic single-stranded DNA/doublestranded DNA (dsDNA) sensors, including DEAD (Asp-Glu-AlaAsp) box polypeptide 41 (DDX41) (20) , IFN-␥-inducible protein 16 (IFI16) (21) , and LSm14A (22) , for type I IFN induction but also independently senses CDNs, such as cyclic dimeric GMP (c-di-GMP), cyclic dimeric AMP (c-di-AMP), and cyclic GMP-AMP (cGAMP) (19, (23) (24) (25) . The recently identified general DNA sensor cGAMP synthase (cGAS), which is responsible for the recognition of DNA from viruses, bacteria, parasites, and retroviruses, employs STING as an adaptor for downstream IFN responses (19, (26) (27) (28) (29) (30) .
The role of STING in the innate immune response to RNA viruses has become increasingly apparent. STING can function as a cofactor in the RIG-I-mediated IFN response to RNA viruses, such as Sendai virus (SeV), vesicular stomatitis virus (VSV), Newcastle disease virus (NDV), and Japanese encephalitis virus (JEV) (14, 16, 18, (31) (32) (33) (34) . Indeed, STING interacts with RIG-I and MAVS (14, 31) , and its signaling is antagonized by several RNA viruses (34) (35) (36) (37) . Both DNA and RNA triggered immune response converge on the TBK1-IRF3 axis, where STING serves as a scaffold protein facilitating the phosphorylation of IRF3 (31, 38) . Activated IRF3 and NF-B cooperate in the production of type I IFN and proinflammatory cytokines.
Many host factors and viral proteins (34, 36, 39) have been implicated in modulating STING at the transcriptional level (40) or posttranslational level (32, (41) (42) (43) , yet the regulatory mechanisms of STING have not been fully elucidated. In our previous work to gain system-wide insight into the RIG-I transcriptome, STING was identified to be a differentially expressed gene induced by the RIG-I agonist 5= triphosphorylated RNA (5=pppRNA) (44) . This observation suggested that RIG-I signaling was involved in STING expression. In the present study, we show that STING is a late RIG-I-inducible gene triggered by autocrine/paracrine signaling via tumor necrosis factor alpha (TNF-␣) and IFN synergy. Furthermore, STING sustains the inflammatory/antiviral expression profile elicited by 5=pppRNA treatment and is required to protect mice from a lethal challenge with herpes simplex virus 1 (HSV-1). This report provides insight into the regulation of STING and demonstrates its manipulation by a RIG-I agonist to protect against a DNA viral pathogen in vivo.
MATERIALS AND METHODS
In vitro synthesis of 5=pppRNAs. The sequence of 5=pppRNA was derived from the 5= and 3= untranslated regions (UTR) of the VSV genome as previously described (44) . In vitro-transcribed RNA was prepared using an Ambion MEGAscript T7 high-yield transcription kit according to the manufacturer's instruction (Invitrogen, NY, USA). 5=pppRNA was purified using a Qiagen microRNA minikit (Qiagen). An RNA with the same sequence but lacking the 5=ppp moiety was purchased from Integrated DNA Technologies Inc. (IDT). This RNA generated results identical to those obtained with 5=pppRNA, which was dephosphorylated enzymatically with calf intestinal alkaline phosphatase (Invitrogen).
Cell culture and transfections. A549 cells and PC3 cells (American Type Culture Collection [ATCC]) were grown in F-12K medium (Wisent) supplemented with 10% fetal bovine serum (FBS) and 1% antibiotics (Wisent). Human normal lung fibroblast MRC5 cells (kindly provided by Jerry Pelletier, McGill University, Canada), immortalized human hepatocytes (IHHs; kindly provided by Ranjit Ray, Saint Louis University, St. Louis, MO, USA) (45), Huh7.5 cells (ATCC), and Huh7 cells (ATCC) were grown in Dulbecco modified Eagle medium (DMEM; Wisent) supplemented with 10% FBS, 1% nonessential amino acids, and 1% antibiotics. U87 cells (ATCC) and mouse embryonic fibroblasts (MEFs) were grown in DMEM (Wisent) supplemented with 10% FBS and 1% antibiotics. Wild-type (WT) and RIG-I Ϫ/Ϫ MEFs were kind gifts from Shizou Akira (Osaka University, Osaka, Japan). The Lipofectamine RNAiMax reagent (Invitrogen) was used for transfections of 5=pppRNA in A549 cells according to the manufacturer's instructions. For knockdown with short interfering RNA (siRNA), A549 cells were transfected with human RIG-I (catalog number sc-61480; Santa Cruz Biotechnology), the IFN-␣/␤ receptor (IFN-␣/␤R) ␣ chain (catalog number sc-35637; Santa Cruz Biotechnology) and ␤ chain (catalog number sc-40091; Santa Cruz Biotechnology), STAT1 (catalog number sc-44123; Santa Cruz Biotechnology), STING (catalog number sc-92042; Santa Cruz Biotechnology), control siRNA (catalog number sc-37007; Santa Cruz Biotechnology), RELA (catalog number SI02663094; Qiagen), IRF3 (catalog number SI00026418; Qiagen), TNFRSF1A (catalog number SI00301945; Qiagen), and control siRNA (catalog number sc-37007; Santa Cruz Biotechnology) using Lipofectamine RNAiMax (Life technologies) according to the manufacturer's guidelines.
Virus production, quantification, and infection. Recombinant green fluorescent protein (GFP)-tagged VSV (VSV-GFP), which harbors the methionine 51 deletion in the matrix protein-coding sequence (VSV⌬51) (46) , was kindly provided by J. Bell (Ottawa Health Research Institute, Canada). Virus stock concentrated from cell-free supernatants by centrifugation was grown in Vero cells and titrated by standard plaque assay (44) . WT HSV-1 strain F expressing firefly luciferase (HSV-1-Luc) and WT HSV-1 strain F expressing GFP (HSV-1-GFP) were kindly provided by Chunfu Zheng (Soochow University, Suzhou, China). The WT HSV-1 strain was kindly provided by Karen Mossman (McMaster University, Canada). Virus was propagated in Vero cells, purified over a 36% sucrose cushion, and titrated by standard plaque assay. Cells were infected with virus at a multiplicity of infection (MOI) of 0.1 in a small volume of serum-free medium for 1 h at 37°C and then prior to analysis incubated with complete medium for the period of time indicated below. Infection with SeV (Charles River Laboratories) was performed at 40 hemagglutination units (HAU) per ml.
Quantitative real-time PCR. DNase-treated total RNA from cells was prepared using an RNeasy kit (Qiagen). Total RNA was reverse transcribed using high-capacity cDNA reverse transcription (RT) kits from Applied Biosystems according to the manufacturer's instructions. Reverse transcription-quantitative PCR (RT-qPCR) was performed on a 7500 Fast system using SYBR green (Roche Diagnostics). All data presented are quantities with efficiency correction based on the level of expression of the target gene relative to that of the GAPDH (glyceraldehyde-3-phosphate dehydrogenase) gene as a reference and were analyzed using GraphPad Prism (version 5) software. The following primers were used in this study: TMEM173 forward, 5=-ATATCTGCGGCTGATCCTGC-3=; TMEM173 reverse, 5=-CTCAGGTTATCAGGCACCG-3=; DDX58 forward, 5=-GCAGAGGCCGGCATGAC-3=; DDX58 reverse, 5=-TGTAG GTAGGGTCCAGGG-3=; STAT2 forward, 5=-CTCGGAAGGTGGCT ATTGT-3=; STAT2 reverse, 5=-AAAGGAGAGGCTGTGGGAAT-3=; GAPDH forward; 5=-AATCCCATCACCATCTTCCA-3=; GAPDH reverse; 5=-TGAGTCCTTCCACGATACCA-3=, IFNB1 forward, 5=-TTG TGCTTCTCCACTACAGC-3=; IFNB1 reverse, 5=-CTGTAAGTCTGT TAATGAAG-3=, IFIT1 forward, 5=-CAACCAAGCAAATGTGAG-3=; IFIT1 reverse, 5=-AGGGGAAGCAAAGAAAATGG-3=, IRF7 forward, 5=-CTTCGTGATGCTGCGAGATA-3=; IRF7 reverse, 5=-AAGCCCTT CTTGTCCCTGTC-3=; TNFAIP3 forward; 5=-ACCCCATTGTTCTCG GCTAT-3=; and TNFAIP3 reverse, 5=-CGGTCTCTGTTAACAAG TGGAA.
Immunoblot analysis. Whole-cell lysates were resolved by 10% SDS-PAGE. After electrophoresis, proteins were transferred for 1 h at 100 V and 4°C to nitrocellulose membranes (pore size, 0.45 m; Bio-Rad) in a buffer containing 25 mM Tris, 192 mM glycine, and 10% ethanol. Membranes were blocked for 1 h at room temperature in 5% (wt/vol) dried milk in phosphate-buffered saline (PBS) and 0.1% (vol/vol) Tween 20 (PBST) and were then probed with the following primary antibodies: anti-STING (Cell Signaling), anti-RIG-I (EMD-Millipore), anti-ISG56 (Thermo Fischer Scientific), anti-A20 (Santa Cruz Biotechnology), anti-STAT1 (Santa Cruz Biotechnology), antiactin (EMD Millipore), anti-IRF3 (IBL International), anti-RELA (Santa Cruz Biotechnology), anti-TNF receptor (anti-TNFR; Santa Cruz Biotechnology), and anti-GFP (Santa Cruz Biotechnology). Antibody signals were detected by chemiluminescence using secondary antibodies conjugated to horseradish peroxidase (Mandel Scientific) and an enhanced chemiluminescence detection kit (Thermo Scientific).
Flow cytometry analysis. The percentage of cells infected with HSV-1 and VSV⌬51 was determined on the basis of the level of GFP expression. Cells were analyzed on a BD Fortessa flow cytometer (Becton, Dickinson). Compensation calculations and cell population analysis were done using FACSDiva software.
Stimulation with recombinant cytokines. Recombinant IFN-␣ (Merck), IFN-␤ (PBI Assay Science), IFN-␥ (PBI Assay Science), IFN-(R&D systems), interleukin-1␤ (IL-1␤; R&D Systems), and TNF-␣ (Invitrogen) were used at a final concentration of 1,000 IU/ml (IFNs), 25 g/ml (IL-1␤), or 20 ng/ml (TNF-␣).
ELISAs. The levels of release of human IFN-␣ (PBL Biomedical Laboratories) and TNF-␣ (R&D Systems) into the culture supernatants of A549 cells were measured by enzyme-linked immunosorbent assays (ELISAs) according to the manufacturers' instructions.
In vivo administration of 5=pppRNA and HSV-1 infection model. All animal experimentations were performed according to the guidelines of the Canadian Council on Animal Care and were approved by the McGill University Animal Care Committee (protocol 5816). C57BL/6 mice (age, 8 weeks) were obtained from Charles River Laboratories. MAVS Ϫ/Ϫ and WT (mixed 129/SvEv-C57BL/6 mouse background) were obtained from Z. Chen (Howard Hughes Medical Institute, USA). STING-deficient Goldenticket ([STING gt/gt ]) mice were purchased from The Jackson Laboratory. Ifnar1 tm1Agt mice were kindly provided by Jörg Hermann Fritz. For intracellular delivery, 25 g of 5=pppRNA was complexed with in vivo-jetPEI (PolyPlus, France) at an N/P ratio of 8 per the manufacturer's instruction and administered intravenously via tail vein injection. 5=pppRNA was administered on the day prior to infection (day Ϫ1) and on the day of infection (day 0). Mice were injected intravenously with the HSV-1 F strain. For determination of viral titers, organs were homogenized (20%, wt/vol) in DMEM, and titers were determined by standard plaque assay. For determination of protein expression levels, organs were homogenized (20%, wt/vol) in lysis buffer and subjected to immunoblot analysis.
RESULTS

RIG-I signaling induces STING expression.
Our previous study indicated that STING is upregulated upon RIG-I agonist stimulation, as demonstrated by microarray analysis (44) . To validate this finding, we examined whether SeV-a potent trigger of RIG-I signaling-could induce the expression of STING. We measured an increase in STING expression at both the protein and mRNA levels in A549 cells ( Fig. 1A and B) , as well as in IHHs and PC3, U87, and Huh7 cells (Fig. 1C) . Importantly, Huh7.5 cells, which are derived from Huh7 cells but which harbor a mutation in RIG-I leading to RIG-I signaling deficiency, failed to induce STING in response to SeV infection (Fig. 1C) .
To address whether STING upregulation is exclusively activated by RIG-I, mouse embryonic fibroblasts (MEFs) from wildtype (Ddx58 ϩ/ϩ ) and knockout (Ddx58 Ϫ/Ϫ ) mice were challenged with SeV. Despite the high level of endogenous expression of STING in MEFs, Ddx58 ϩ/ϩ MEFs harvested at 24 h postchallenge displayed considerable increases in STING levels compared with those for the Ddx58 Ϫ/Ϫ MEFs (Fig. 1D) . Similarly, we found that 5=pppRNA, which specifically activates RIG-I for full antiviral responses (44), could induce STING only in cells treated with control siRNA (sictl) and not in cells treated with siRNA directed against RIG-I (siRIG-I) (Fig. 1E) . Similarly, high levels of endogenous expression of STING in human normal lung fibroblast (MRC5) cells was further induced upon RIG-I activation.
MAVS is an important adaptor protein for RIG-I signaling; it directly associates with RIG-I to coordinate downstream activation of TBK1-IKKε for type I IFN production. To investigate whether MAVS is involved in virus-mediated STING expression, A549 cells in which MAVS was stably knocked down with shRNA against MAVS (shMAVS) were generated. These MAVS-knockdown cells failed to induce STING during SeV infection, whereas cells transfected with control shRNA (shctl) were able to induce STING (Fig. 1F) . Taken together, these results demonstrate that RIG-I is a key determinant of RNA virus-mediated STING induction.
RIG-I agonist 5=pppRNA-induced STING expression results from autocrine/paracrine signaling. In order to explore the mechanisms and kinetics behind STING expression, we first treated A549 cells with increasing doses of a RIG-I agonist. We found that 5=pppRNA increased the levels of both STING mRNA and protein expression in a dose-dependent manner ( Fig. 2A and  B) . Next, the STING expression profile was characterized at various time points. Quantitative PCR (qPCR) analyses revealed a significant increase in STING levels at 24 h posttreatment (Fig. 2C , top), while classic early antiviral genes, such as the genes for chemokine C-X-C motif ligand 10 (CXCL10) (Fig. 2C , middle) and interferon beta 1 (INFB1) (Fig. 2C, bottom) , were significantly upregulated earlier at 12 h posttreatment. STING protein expression was robustly induced at 48 h posttreatment and was sustained for the 4-day examination period (Fig. 2D) . Thus, STING induction by 5=pppRNA should be recognized as a late event.
This delayed induction suggests the possibility of necessary de novo protein synthesis and/or the secretion of regulatory factors. To test this possibility, supernatants of 5=pppRNA-transfected A549 cells were collected at 24 h and placed on freshly plated cells. These new cells were treated with siRNA against RIG-I (or sictl) prior to incubation of the supernatants to control for RIG-I activation by the residual 5=pppRNA in the supernatants (Fig. 2E ). As shown in Fig. 2F , stimulation of fresh cells with supernatants for 24 h and 48 h still led to an increase in STING levels to levels comparable to those obtained after the initial 5=pppRNA transfection. It is important to note that supernatant-mediated STING induction was independent of RIG-I. Altogether, these results indicate that STING induction by 5=pppRNA is mediated through an autocrine/paracrine mechanism.
TNF-␣ and type I IFNs synergize to induce STING expression. We next set out to identify the secreted factor(s) which contributed to 5=pppRNA-mediated STING induction. It was reported that 5=pppRNA stimulation of the RIG-I pathway activates both the IFN and NF-B pathways (44) , which can be activated by secreted type I IFNs and TNF-␣, respectively. TNF-␣ is known to synergize with IFN signaling to induce the expression of delayed type I IFN response genes via an autocrine loop (47, 48) . As an ELISA confirmed the presence of both IFN-␣ and TNF-␣ in the supernatants of 5=pppRNA-transfected cells (Fig. 3A) , we sought to determine if STING induction could be driven by these two factors. A549 cells were incubated with SeV, IFN-␣, TNF-␣, or both IFN-␣ and TNF-␣ for 24 h, and STING levels were assessed. As shown in Fig. 3B and C, IFN-␣ triggered a weak induction of STING, whereas TNF-␣ alone had no effect. However, the cotreatment with IFN-␣ and TNF-␣ led to a significant increase in STING levels similar to those achieved with SeV infection.
Various types of IFN, including IFN-␤, IFN-␥, and IFN-, were also tested, either alone or in combination with TNF-␣, for their ability to induce STING expression. STING expression was weakly induced by IFN-␣, IFN-␤, and IFN-␥ alone but was significantly enhanced by the addition of TNF-␣ (Fig. 3D) mRNA and protein levels were analyzed by qPCR and Western blotting, respectively. (C, D) A549 cells were transfected with 5=pppRNA (10 ng/ml), and whole-cell extracts were prepared at different times after transfection (time zero to day 4) and then subjected to SDS-PAGE and probed for STING, RIG-I, ISG56, and actin (C) or qPCR analysis (D). (E) Schematic outline of the timeline used for experiments whose results are shown in panel F. (F) A549 cells were transfected with 5=pppRNA for 24 h. Fresh A549 cells were transfected with control siRNA or RIG-I siRNA and then incubated with supernatants from 5=pppRNA-transfected cells for 24 h or 48 h. Cells were collected, and whole-cell extracts were prepared and subjected to immunoblot analyses. Statistical analysis was performed by Student's test. NT, not treated; SN, supernatants. mechanism, depending on the synergistic activities between TNF-␣ and type I IFN.
STING induction is mediated by the STAT and NF-B pathways.
To validate the importance of TNF-␣ and IFN during STING expression, A549 cells were transfected with siRNA directed against TNFR and/or IFN-␣/␤R (Fig. 4A) . Knocking down of the receptors alone or in combination reduced the level of STING induction by 5=pppRNA or TNF-␣ and IFN-␣ cotreatment compared to that achieved with control cells. We next explored further downstream mechanisms that control STING expression. Since STAT1/2 and RELA (p65) are crucial elements in the activation of IFN and NF-B signaling, respectively, we silenced these transcription factors and evaluated their potential roles in STING induction. We found that the depletion of STAT1, STAT2, and RELA significantly diminished the 5=pppRNA induction of STING (Fig. 4B to D) . Thus, STAT1/2 and RELA together mediate the IFN-and TNF-␣-dependent induction of STING in response to 5=pppRNA stimulation.
STING contributes to sustained expression of interferon/ inflammatory response genes.
Given that STING plays a key role in the establishment of the antiviral state during PAMP detection, we explored whether it contributed to the immune response following its induction by 5=pppRNA. A549 cells in which STING was silenced were stimulated with 5=pppRNA at various time points, and the mRNAs of several immune response genes were monitored by qPCR. STING mRNA was inhibited, as expected, when TMEM173-specific siRNA was used. Interestingly, the levels of mRNA for IFNB1, IRF7, TNFAIP3, DDX58, and IFIT1 were not initially affected by the absence of STING at early time points (6 h, 12 h, and 24 h) but were significantly reduced at 48 h, 72 h, and 96 h posttreatment (Fig. 5A) . The levels of the RIG-I, ISG56, and A20 proteins at late time points were also reduced when STING was silenced (Fig. 5B) . Altogether, these results suggest that the induction of STING contributes to a sustained interferon and inflammatory response. 
STING is essential for 5=pppRNA-mediated protection against HSV-1 infection in vitro.
It has been demonstrated that 5=pppRNA stimulation protects cells against a broad spectrum of DNA and RNA viruses (5, 44) . We therefore investigated whether this protection was mediated through de novo STING expression. A549 cells were transfected with TMEM173-specific siRNA (siSTING) or control siRNA (sictl), pretreated with 5=pppRNA for 48 h, and then challenged with HSV-1-GFP for a 2-day period. As assessed by flow cytometry (Fig. 6A and B) , HSV-1 infectivity was decreased significantly in 5=pppRNA-pretreated sictl-transfected cells but remained high in cells lacking STING. Similar results were found when we investigated the release of infectious HSV-1 particles via a standard plaque essay. The HSV-1 viral titer was significantly reduced by 5=pppRNA pretreatment in sictltransfected cells, but siSTING-transfected cells pretreated or not pretreated with the RIG-I agonist 5=pppRNA produced comparable levels of virus (Fig. 6C) . Consistent with our earlier data (Fig. 5) , HSV-1-infected, siSTING-transfected cells also displayed immune responses weaker than those of infected, sictl-transfected ones (Fig. 6D) . Altogether, these data unveiled the essential contribution of STING to the establishment of the 5=pppRNA-induced antiviral responses during HSV-1 infection.
We also investigated whether STING induction by 5=pppRNA influences RNA virus replication. To pursue this, a set of experiments similar to those described above was carried out using VSV-GFP instead of HSV-1-GFP. VSV replication was inhibited by 5=pppRNA pretreatment, whether or not STING was expressed (Fig. 6E) . Correspondingly, the VSV viral titer was also reduced by 5=pppRNA regardless of the presence of STING (Fig. 6F) . This suggests that despite STING inhibition, 5=pppRNA pretreatment in the context of VSV infection is sufficient to prevent viral replication.
5=pppRNA protection against HSV-1 infection in mice requires STING. To determine the potential of 5=pppRNA-medi- ated STING induction in vivo, C57BL/6 mice were inoculated intravenously with 5=pppRNA (25 g) in complex with the in vivojetPEI transfection reagent. As expected, 5=pppRNA treatment led to the upregulation of STING production in the lungs, liver, and spleen, while MAVS-deficient mice failed to induce STING in these organs (Fig. 7A, top) . IFNAR-deficient mice (Ifnar1 tm1Agt ) also displayed lower STING levels following 5=pppRNA treatment (Fig. 7A, bottom) .
We next evaluated if STING induction by 5=pppRNA was necessary for HSV-1 resistance in vivo, as it was in vitro. C57BL/6 mice and STING-deficient mice (STING gt/gt mice) were inoculated with 5=pppRNA 24 h before infection (day Ϫ1) and on the day of infection (day 0) with a lethal inoculum of luciferase-expressing HSV-1 (HSV-1-Luc).
In agreement with the findings described in a previous publication (18) and as demonstrated by the results of the KaplanMeier curve analysis shown in Fig. 7B , C57BL/6 mice were significantly more likely to survive than STING gt/gt mice when subjected to HSV-1 lethal infection (rates of survival, 66.7% versus 0%; P ϭ 0.0044, log-rank tests). C57BL/6 mice treated with 5=pppRNA exhibited rates of survival superior to those for the nontreated group (P ϭ 0.0270). However, while death was delayed to day 10 in 5=pppRNA-treated STING gt/gt mice, all nontreated mice succumbed to infection by day 5; thus, 5=pppRNA treatment ulti- mately did not improve survival (P was not statistically significant and P ϭ 0.0566). The log-rank test revealed a significant survival advantage in C57BL/6 mice treated with 5=pppRNA compared with that in STING gt/gt mice treated with 5=pppRNA (P ϭ 0.0002). When both C57BL/6 and STING gt/gt mice were subjected to lethal HSV-1 infections, the mice lost weight rapidly before day 5 (Fig. 7C) . The C57BL/6 mice then started to regain weight overall and completely recovered in 20 days. 5=pppRNA treatment significantly reversed the weight loss of C57BL/6 mice, whereas it did not in STING gt/gt mice (two-way analysis of variance, P Ͻ 0.001). As reported previously, 5=pppRNA triggered the robust release of IFN-␣ in the serum of C57BL/6 mice on day Ϫ1 (Fig. 7D) (44) . The absence of STING did not affect the amount of 5=pppRNA-induced IFN-␣ released at an early time (6 h on day Ϫ1). However, a significant decrease in the serum IFN-␣ level was detected in STING gt/gt mice compared to that in C57BL/6 mice on day 0. The serum IFN-␣ level in both groups was almost undetectable after day 1. HSV-1 replication in the lungs was monitored by plaque assay at day 3 after nonlethal infection. HSV-1 titers were 1.5 log units lower in 5=pppRNA-treated C57BL/6 mice than in the controls, while STING-deficient mice displayed no significant reduction (Fig. 7E) . Similar results were obtained when we investigated HSV-1 luciferase activity (Fig. 7F) . Overall, these results correlated well with the in vitro data obtained and presented in Fig. 6 and highlight the necessity of STING induction during 5=pppRNA treatment to protect against HSV-1 replication. Taken together, 5=pppRNA-mediated STING induction appears to be regulated by the synergistic activities of type I IFN and TNF-␣ signaling (Fig. 8) .
DISCUSSION
In recent years, STING has been established to be a critical player in mediating cytosolic nucleic acid detection (14, 23, 25, 31) .
STING also plays an important role in the pathogenesis of inflammatory and autoimmune diseases and is linked to both protective and detrimental processes in vivo (49) (50) (51) (52) (53) . However, knowledge of the regulatory mechanism of STING is still limited. In the present study, we demonstrated that (i) STING was induced following RIG-I activation in various cell models and multiple animal tissues, (ii) 5=pppRNA-mediated STING induction depended on the synergistic activities of TNF-␣/IFN-␣ and STAT1/STAT2/RELA, (iii) STING contributed to the sustained expression of interferon/ inflammatory response genes, and (iv) STING was essential for RIG-I agonist-mediated protection against HSV-1 infection in vitro and in vivo.
To date, the regulation of STING mediated by host factors or viral proteins has mainly been investigated at the posttranslational level. TRIM56 and TRIM32 can positively mediate the K63-linked ubiquitination of STING, which leads to its dimerization and the subsequent recruitment of TBK1 (43, 54) . The phosphorylation of STING at Ser358 has also been reported following dsDNA stimulation (38) and SeV infection (31) . Conversely, STING degradation can be mediated following K48-linked ubiquitination by RNF5 (32) or Ser366 phosphorylation by ATG1 (41) . STING is also often targeted by various RNA viruses for immune invasion. For example, the hepatitis C virus (HCV) nonstructural protein NS4B colocalizes with STING and impairs its interaction with MAVS (55); dengue virus (DENV) cleaves STING by its NS2B3 proteinase, thereby inhibiting IFN production (35) ; and human coronavirus (HCoV) NL63 disrupts STING dimerization and ubiquitination (56) . Previous studies have characterized STING as an ISG, as it is inducible by interferons (40) . By employing multiple RIG-I-deficient or pathway-impaired cell lines, we showed for the first time that RIG-I signaling through MAVS leads to an increase in STING mRNA and protein levels in many cells types and tissues. These observations provide new evidence for potential cross talk between RNA and DNA signaling pathway regulation.
Various cytokines were tested for their ability to induce STING expression in order to mimic SeV and RIG-I agonist stimulation. Both type I IFNs (IFN-␣ and IFN-␤) and the type II IFN (IFN-␥) were able to induce STING expression slightly when used alone, but this was not the case for the type III IFN (IFN-). The inductivity obtained by treatment with a single IFN was not amplified with the simple addition of an IFN mixture, but inductivity was significantly boosted when a single IFN was combined with TNF-␣. IL-1␤, which is another NF-B trigger, does not engage with IFNs for the synergistic induction of STING. These findings highlight the distinct impact of TNF-␣ in the synergistic regulation of STING, suggesting that multiple regulatory mechanisms are probably involved in this synergy. It is worth noting that the supernatants from 5=pppRNA-treated cells contain a variety of soluble factors aside from TNF-␣ and IFNs. Whether they act individually or synergistically, those factors could also drive STING induction.
This phenomenon of cytokine synergy was first observed in 1986 when treatment with TNF-␣ and IFN combined was demonstrated to block both RNA and DNA viral replication (57) . The responses to cytokines in combination are more potent than the sum of the individual responses but remain poorly characterized due to the technical difficulties with the deconstruction of the responses of cytokine mixtures and the extreme complexity of the molecular events mediated by synergistic states. However, it is known that the combination of type I IFN and TNF-␣ induces a powerful antiviral state distinct from the one induced by either cytokine alone (47) . Furthermore, TNF-␣ can activate a feed-forward loop which sustains the expression of inflammatory genes and induces late interferon response genes (48) .
A previous analysis of the promoters of hundreds of genes synergistically induced by TNF-␣ and IFN did not return either the enrichment of any transcription factors or defined transcription factor binding sites (47) . However, it has recently been shown that the STING 5= UTR contains STAT1 binding sites that are required for type I IFN induction of STING (58). In the study described in this report, we demonstrated that both STAT1 and STAT2 are critical mediators of STING induction. Importantly, the NF-B subunit RELA was also required for the effective expression of STING. By searching the UCSC genome browser, we also discovered NF-B consensus binding motifs on the human STING promoter. Still, further work is needed to confirm these binding sites and to identify the binding subunit(s).
Several studies have demonstrated that a lack of STING results in the evolution of deficient type I IFN responses during RNA virus infection (16, 31, 59) . Our data revealed that RIG-I agonist 5=pppRNA-mediated STING induction contributed to a significant persistence of innate immune gene expression at late time points. It is possible that the treatment with 5=pppRNA for days may have caused the leakage of mitochondrial DNA or genomic DNA which activated STING and prolonged the immune response. We also investigated whether RIG-I-mediated STING induction contributed to viral resistance. Under normal circumstances, 5=pppRNA treatment protects cells against numerous RNA and DNA viruses (44, 60) . Here we demonstrated that 5=pppRNA-treated A549 cells were also resistant to HSV-1 infection when STING was expressed. It is important to note that the immune response following HSV-1 exposure was also severely dampened in STING-deficient cells. Taken together, these results indicate that the protection against DNA viruses like HSV-1 conferred by 5=pppRNA is STING dependent, which enhances innate immune detection and signaling. In contrast, we showed that VSV infection was inhibited by 5=pppRNA, regardless of the presence of STING. Overall, these data reinforce the notion that STING induction plays an active role in 5=pppRNA-mediated protection against HSV-1.
We further established the induction of STING in vivo, as 5=pppRNA-treated mice displayed increased STING levels in many organs via RIG-I signaling. In agreement with the findings of previous studies, STING is essential for protection against lethal challenge with HSV-1 (18, 61) . All STING gt/gt mice succumbed rapidly following HSV-1 infection. Intravenous administration of 5=pppRNA stimulated potent immune protection in C57BL/6 animals, decreased the virus load in the lungs, and completely prevented the mortality associated with HSV-1 infection. In contrast, all STING gt/gt animals inoculated with 5=pppRNA succumbed to HSV-1 infection, though their survival was prolonged compared to that of the group only infected with HSV-1.
Of note, although 5=pppRNA did not exhibit a statistically significant HSV-1 inhibition in STING-deficient mouse models, there was a trend toward reduced viral infection. Considering the fact that RIG-I-mediated inhibition of HSV-1 is a complex situation coordinated by numerous elements, these antiviral factors, whether they were affected or not by the absence STING, could still exert a moderate effort in HSV-1 inhibition. In addition, HSV-1 has evolved multiple strategies to evade the host immune response. The deficiency of STING may have provided an environment in favor of HSV-1 replication. Overall, our data demonstrated that 5=pppRNA's anti-HSV-1 activity was largely dependent on the presence of STING.
In conclusion, our study proposes a model in which STING is regulated by the transcriptional synergy of STAT1/2 and NF-B. We also unveil the key function of STING in the 5=pppRNA-mediated restriction of HSV-1. Thus, our work reveals a novel mechanism of RNA antiviral signaling that leads to the inhibition of DNA virus infection. 
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